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(54) Apparatus and method for diagnosis of cardiac disease using a respiration monitor 



(57) The cardiac condition of a patient is determined 
by a cardiac monitor apparatus (1 0) using a respiration 
parameter such as a current respiration signal or a res- 
piration rate. The variability of the respiration parameter 
is used to generate a signal indicative of the current 
heart failure status of the patient, and more particularly 
whether the patients condition has improved, wors- 



ened, or remained unchanged over a predetermined 
time period. The circuitry (1 0) for detecting the respira- 
tion parameter may be implanted in the patient, for ex- 
ample as part of a pacemaker, while at least some of 
the analyzing circuitry (11 0) may be external and remote 
from the patient. Alternatively the whole device may be 
implantable. 
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Description 

BACKGROUND OF THE INVENTION 

A. Field of the Invention 

[0001] This invention pertains to a novel apparatus 
and method for diagnosing the heart condition of a pa- 
tient by monitoring his pulmonary function. 

B. Description of the Prior Art 

[0002] Studies have demonstrated heart failures are 
related to one or more of the following conditions: coro- 
nary artery disease, valvular heart disease, heart mus- 
cle disease, hypertension, pericardial disease, congen- 
ital heart disease, infection, tachyarrhythmia, and cardi- 
ac tumors. 

[0003] Fundamentally, aerobic exercise training may 
decrease the symptoms associated with congestive 
heart failure (CHF) and increase heart rate variability 
(HRV), indicating an improved autonomic responsive- 
ness and improving a patienfs exercise tolerance and 
quality of life. Current standard techniques for treating 
heart failure typically include angiotensin converting en- 
zyme (ACE) inhibitors, diuretics, and digitalis. The main 
function of ACE inhibitors is to act as vasodilators, to 
reduce arterial blood pressure and reduce pulmonary 
capillary wedge pressure. ACE inhibitors have also 
been shown to increase cardiac output and increase the 
capability of heart failure patients to exercise. Diuretics 
decrease body fluid and hence reduce the cardiac load. 
Digitalis has been shown to increase the inotropic action 
of the heart and increase cardiac output in heart failure 
patients. 

[0004] Ultimately, heart transplants and other cardiac 
surgeries are also alternative therapies, but only for a 
small percentage of patients with particular etiologies. 
[0005] The New York Heart Association has devel- 
oped a heart condition classification expressed as Stag- 
es I, II, III, and IV, determined as a combination of symp- 
toms exhibited by a patient, including the ability to 
breathe properly, exercise or perform normal physical 
activities . Stage I is characterized by no breathlessness 
with normal physical activity. Stage II is characterized 
by breathlessness associated with normal physical ac- 
tivity. Stage III is characterized by breathlessness asso- 
ciated with even minimal physical activity. Stage IV is 
characterized by breathlessness even while a patient is 
at rest. 

[0006] Several methods for monitoring the progres- 
sion and severity of CHF are known. One powerful non- 
invasive method of stratifying mortality comprises 
measuring the HRV. It is not, however, an effective 
means of predicting CHF and, specifically, cannot be 
used in patients having sick sinus syndrome. 
[0007] Another method of tracking the progression of 
CHF includes measurement of the ejection infraction us- 



ing echocardiography or catheterization. The ejection 
infraction is a measure of the cardiac systolic function 
and can be used as a predictor of mortality. The ejection 
infraction, however, currently cannot be measured con- 
5 veniently, or continuously, in an ambulatory patient. 

OBJECTIVES AND SUMMARY OF THE INVENTION 

[0008] It is an objective of the present invention to pro- 
10 vide a system for determining a patienfs breathing pat- 
tern and then to use this pattern to indicate a patient's 
cardiac condition. 

[0009] A further objective is to provide a cardiac treat- 
ment system which monitors a patient's cardiac Condi- 
's tion over a predetermined time period and, based on his 
breathing pattern, indicates whether the patienfs con- 
dition has improved, worsened or remaining un- 
changed. 

[001 0] A further objective is to provide a reliable tech- 
nique for monitoring and tracking the severity of CHF in 
an ambulatory patient through the variability in his res- 
piration rate and pattern. 

[001 1] Other objectives and advantages of the inven- 
tion will become apparent from the following description 
of the invention. 

[0012] CHF patients typically have a characteristic 
breathing pattern which is dominated by a low-frequen- 
cy variation as compared to healthy persons. More spe- 
cifically, CHF patients have a periodic breathing pattern 
characterized by sequential deep and shallow breaths 
(Figs. 8B and 8C) as compared to the breathing pattern 
of a healthy person (Figs. 9B and 9C). As illustrated in 
the figures, healthy persons have a regular breathing 
pattern with a peak frequency greater than 0.1 5Hz. On 
the other hand, CHF patients tend to have an abnormal 
breathing pattern with a low frequency dominant signal 
(less than 0.03 Hz) resembling Cheyne-Stokes respira- 
tion, characterized by periods of respiration followed by 
periods of non-breathing. Abnormal breathing patterns 
may result in a gas exchange deficiency, autonomic 
nervous system disruption and/or other problems. Figs. 
8A-8C and 9A-9C further illustrate a correlation in both 
the time and the frequency domains between the heart 
rate of a person and his respiration rate. 
[0013] The automatic respiration mechanism, which 
is governed by the central nervous system and other pe- 
ripheral functions, controls the respiration and heart 
rates, as well as the sympathetic and the parasympa- 
thetic cardiac efferent neurons. Conversely, the per- 
formance of the autonomic nervous system as well as 
the patienfs cardiac system can be derived from the var- 
iability of the respiration rate. 

[0014] The present invention contemplates monitor- 
ing and recording the variability of respiration patterns 
for a cardiac patient. A respiration parameter (the res- 
piration rate, tidal volume, low frequency power, high- 
frequency power, or ratio of the latter two) is first deter- 
mined using an implanted device such as a defibrillator, 
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a pacemaker or other event monitor. Currently, as these 
devices do not have sufficient calculating power to make 
the trend calculations necessary to determine respira- 
tion variability, the respiration parameter may be trans- 
mitted to an external device for processing. It is antici- 
pated that future implantable devices will have sufficient 
calculating power to determine the respiration variabili- 
ty. The respiration parameter is then measured using 
the electrogram sensing interval or internal or external 
thoracic impedance. This respiration parameter is used 
to calculate the respiration variability and to indicate car- 
diac condition. 

[0015] Continuously tracking respiration variability 
and breathing patterns of cardiac patients is beneficial 
for many other reasons as well. First, a clinician may 
track the progression or reversion of cardiac disease. 
Second, as certain landmarks are reached, the clinician 
could administer treatment or change therapies proac- 
tively. Third, the respiration variability provides a physi- 
cian with an indication of how well a recovering cardiac 
patient is responding to a prescribed rehabilitation pro- 
gram. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] 

FIG. 1 shows a block diagram of a pacemaker con- 
structed in accordance with this invention; 
FIG. 2 shows a block diagram of the pace and sense 
circuit for the pacemaker of FIG. 1 ; 
FIG. 3 shows a block diagram of a microprocessor 
for the pacemaker of FIG. 1 ; 
FIG. 4 shows details of the controller for the micro- 
processor of FIG. 3; 

FIG. 5 shows a block diagram for a prior art circuit 
used to determine the thoracic impedance; 
FIG. 6 shows a block diagram for a prior art circuit 
for converting the thoracic impedance to a respira- 
tion rate and other parameters; 
FIGS. 7A and 7B show block diagrams of the circuit 
elements for determining respiration variability in- 
ternally and externally of an implantable pacemak- 
er, respectively; . 

FIGS. 8A and 8B show the time domain heart rate 

and respiration rate of a patient with CHF; 

FIG. 8C shows the frequency domain heart rate and 

respiration rate for a person with CHF; 

FIGS. 9A and 9B show the time domain heart rate 

and respiration rate for a healthy person; 

FIG. 9C shows thefrequency domain heart rate and 

respiration rate for a healthy person; 

FIG. 10 shows details of a typical respiration signal 

as a function of time; 

FIG. 11 shows a three dimensional representation 
of a respiration signal as a function of time and fre- 
quency; 

FIG. 12 shows a block diagram for a device provid- 



ing a CHF determination based on respiration var- 
iability; 

FIG. 13 shows a flow chart for the operation of the 
device of FIG. 12; 
5 FIG. 1 4 shows a block diagram for a device provid- 
ing CHF determination based on tidal volume; 
FIGS. 15A and 15B show a time dependent tidal 
volume and the corresponding mean value of tidal 
volume; 

10 FIG. 16 shows a flow chart for the operation of the 
device of FIG. 14; 

FIG. 17 shows a flow chart for CHF determination 
using respiration rate; 

FIGS. 18A and 18B show a respiration signal for a 
is normal person in the time and frequency domain, 
respectively; and 

FIGS. 18C and 18D show a respiration signal for a 
person with CHF in the time and frequency domain, 
respectively. 

20 

DETAILED DESCRIPTION OF THE INVENTION 

[001 7] Details of a pacemaker which can perform the 
functions described above are now described in con- 

25 junction with FIGS. 1-6. FIG. 1 shows a block diagram 
of the pacemaker 1 0. The pacemaker 10 is designed to 
be implanted in a patient and is connected by leads 12 
and 1 3 to a patient's heart 1 1 for sensing and pacing the 
heart 11 as described, for example, in U.S. Patent No. 

30 5,441 ,523 by T. Nappholz, entitled FORCED ATRIOV- 
ENTRICULAR SYNCHRONY DUAL CHAMBER PACE- 
MAKER, and incorporated herein by reference. Briefly, 
the atrial cardiac lead 12 extends into the atrium of the 
heart 1 1 and the ventricular cardiac lead 1 3 extends into 

35 the ventricle of the heart 11 . Leads 12 and 13 terminate 
in electrodes which are used both for sensing electrical 
activity in the heart and applying pacing pulses to the 
heart. The pacemaker 10 includes a pace and sense 
circuit 1 7 for detecting analog signals from leads 1 2 and 

40 13 and for delivering pacing pulses to the heart 11 ; a 
microprocessor 19 which, in response to numerous in- 
puts received from the pace and sense circuit 17, gen- 
erates different control and data outputs to the pace and 
sense circuit 1 7; and a power supply 1 8 which provides 

45 a voltage supply to the pace and sense circuit 17 and 
the microprocessor 19 by electrical conductors (not 
shown). The microprocessor 1 9 is connected to a mem- 
ory unit 121 by an address and data bus 122. The mi- 
croprocessor 19 and the pace and sense circuit 17 are 

50 connected to each other by a number of data and control 
lines collectively shown in FIG. 1 as bus 42. 
[0018] FIG. 2 shows details of the pace and sense cir- 
cuit 17. The circuit 17 includes an atrial pacing pulse 
generator 24, a ventricular pacing pulse generator 34, 

55 an atrial heartbeat sensor 25, a ventricular heartbeat 
sensor 35, and a telemetry circuit 30. The preferred em- 
bodiment of the pace and sense circuit 1 7 also includes 
an impedance measurement circuit 14 for measuring a 
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physiological parameter indicative of the patient's met- 
abolic demand. The pace and sense circuit 17 also in- 
cludes a control block 39 which is interfaced to the mi- 
croprocessor 19. In operation, the atrial and ventricular 
heartbeat sensor circuits 25 and 35 detect respective 
atrial and ventricular analog signals 23 and 33 from the 
heart 1 1 and convert the detected analog signals to dig- 
ital signals. In addition, the heartbeat sensor circuits 25 
and 35 receive an input atrial sense control signal on a 
control bus 27 and an input ventricular sense control sig- 
nal on a control bus 37, respectively, from the control 
block 39. These control signals are used to set the sen- 
sitivity of the respective sensors. 
[001 9] The atrial pacing pulse generator circuit 24 re- 
ceives from the control block 39, via an atrial pacing con- 
trol bus 28, an atrial pace control signal and an atrial 
pacing energy control signal to generate an atrial pacing 
pulse 22. Similarly, the ventricular pacing pulse gener- 
ator 34 receives from the control block 39, via a ven- 
tricular pacing control bus 38, a ventricular pace control 
signal and a ventricular pacing energy control signal to 
generate a ventricular pacing pulse 32. The atrial and 
ventricular pace control signals determine the timings of 
atrial and ventricular pacing, while the atrial and ven- 
tricular pacing energy control inputs determine the mag- 
nitudes of the respective pulses. 
[0020] To effectuate an impedance measurement, the 
microprocessor 19 sends a signal on the impedance 
control bus 21 to activate the impedance measurement 
circuit 14. The impedance measurement circuit 14 then 
applies a current to the ventricular cardiac lead 13 via 
lead 20 and measures the voltage resulting from the ap- 
plied current, as discussed in more detail below. These 
current and voltage signals define an impedance that is 
representative of the patient's metabolic demand, and 
more particularly, of the instantaneous minute volume. 
This instantaneous minute volume is then filtered and 
further modified by subtracting from it a long term aver- 
age value. The resulting parameter is the minute volume 
parameter. 

[0021] The pace and sense circuit 1 7 further includes 
a respiration detector 44 which detects the respiration 
function of the patient. This information is transmitted to 
the control block 39 via respiration bus 46. In the pre- 
ferred embodiment of the invention, the respiration func- 
tion is determined from the impedance measurements 
taken by impedance measurement circuit 14 as dis- 
cussed in detail below. If the metabolic demand is de- 
termined by other means, then the respiration detector 
44 may use other signals to detect respiration. 
[0022] The telemetry circuit 30 provides a bidirection- 
al link between the control block 39 of the pace and 
sense circuit 1 7 and an external device such as a pro- 
grammer (not shown). It allows data such as the oper- 
ating parameters to be read from or altered in the im- 
planted pacemaker. In addition, the telemetry circuit 30 
is also used to send data to a data analyzer 11 0. In ac- 
cordance with this invention, the data analyzer 110 re- 



ceives data indicative of the cardiac condition of the pa- 
tient, as discussed below in conjunction with FIGS. 
4-7B. The data analyzer 110 is adapted to provide to a 
clinician information about the patient. This information 
5 is shown in a display 112. The data analyzer 110 may 
also communicate with a data collection station 1 1 4. Da- 
ta collection station 1 1 4 has its own display 1 1 6 on which 
information about one or more patients may be shown 
automatically, or on demand. 

[0023] FIG. 3 shows the microprocessor 1 9 having a 
timer circuit 51 for generating several timing signals, a 
controller 53, a vectored interrupts circuit 54, a ROM 55, 
a RAM 56, an additional memory 57, and an interface 
port 41. Signals between these elements are ex- 
changed via an internal communications bus 40. The 
timer circuit 51 generates various timing signals. The 
timer circuit 51 and its associated control software im- 
plement some timing functions required by the micro- 
processor 1 9 without resorting entirely to software, thus 
reducing computational loads on, and power dissipation 
by, the controller 53. 

[0024] The RAM 56 acts as a scratchpad and active 
memory during the execution of the programs stored in 
the ROM 55 and used by the microprocessor 19. ROM 
55 is used to store programs including system supervi- 
sory programs, detection algorithms for detecting and 
confirming arrhythmias, programs for determining the 
rate of the pacer and programs for storing data in addi- 
tional memory 57. This data pertains to the functioning 
of the pacemaker 10 and the electrogram provided by 
the cardiac leads 12 and 13. 

[0025] The microprocessor 19, through its port 41 , re- 
ceives status and/or control inputs from the pace and 
sense circuit 17, including the sense signals from the 
sensors 25, 35 (FIG. 2). Using controller 53, it performs 
various operations including arrhythmia detection. The 
microprocessor 19 also produces outputs, such as the 
atrial and ventricular pacing control which determine the 
type of pacing that is to take place. Controller 53 adjusts 
the rate of the atrial and/or ventricular pacing to conform 
to the metabolic demand of the patient as set forth be- 
low. 

[0026] FIG. 4 shows the block diagram of the control- 
ler 53 of FIG. 3. The controller 53 includes a DDD pacer 
53C, which is preferably a state machine, a minute vol- 
ume processor 53A and an atrial rate monitor 53B. The 
minute volume processor 53 A uses the transthoracic 
impedance signal ti and the respiration rate rr to gener- 
ate a Metabolic Rate Interval (MRI). Details of how the 
transthoracic impedance signal ti and the respiration 
rate rr are derived are discussed below. The pacer 53C 
uses MRI to determine the length of each interval in the 
timing cycle. While the pacemaker 1 0 preferably oper- 
ates in a DDD mode, it should be understood that it can 
operate in other modes as well. The atrial rate monitor 
53B generates an automatic mode switching (AMS) sig- 
nal upon detection of a non-physiological atrial rate and 
rhythm. This AMS signal automatically switches the 
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pacemaker 1 0 to a pacing mode in which atrial senses 
do not trigger ventricular pacing pulses. When a physi- 
ological atrial rate resumes, the AMS signal is deacti- 
vated and the pacemaker returns to an atrial tracking 
mode. 5 
[0027] Apatient's respiration rate (rr) and transthorac- 
ic impedance (ti) may be detected using various meth- 
ods. For example, a known impedance measurement 
circuit (disclosed in U.S. Patent No. 5,824,020, incorpo- 
rated herein by reference) is depicted in FIG. 5 and in- 
cludes a current generator 1 20 and a high pass filter 1 22 
coupled to one of the patient leads, such as lead 13. 
Other leads may be used as well for measuring imped- 
ance as described, for example, in U.S. Patent No. 
5,562,712. 

[0028] The lead 1 3 includes a tip electrode 1 24 and a 
ring electrode 126. As known in the art, at predeter- 
mined times, the current generator 120 applies current 
pulses between the ring electrode 126 and pacemaker 
case 128. The corresponding voltage is sensed be- 
tween the tip electrode 124 and case 128. Typically, 
each current pulse has a pulse width of about 7.5 u.sec, 
at a repetition rate of about 18 pulses per second and 
an amplitude of about 1mA. This pulse repetition rate is 
chosen at well above twice the Nyquist sampling rate 
for the highest expected intrinsic heartbeats. Moreover 
the pulse repetition rate is also chosen so that it can be 
easily differentiated from noise induced by a power line 
at 50 or 60 Hz. 

[0029] The signal sensed at tip 1 24 is passed through 
the high pass filter 122 selected to accept the 7.5 u.sec 
pulses and exclude all noise signals. After filtering, the 
voltage signal is sampled by a sample and hold (S/H) 
circuit 1 30. Preferably the S/H circuit 1 30 takes samples 
before the start of the test pulses from current generator 
120 (to enhance the effectiveness of the filter 122) and 
at the end of the pulse duration. The output of S/H circuit 
130 is passed through a band-pass filter 132 which se- 
lects the signals in the range of normal respiration rates, 
typically 5-60 cycles/minute. The output of the band- 
pass filter 132 is amplified by amplifier 134 to generate 
a transthoracic impedance signal ti. 
[0030] Referring to FIG. 6, the signal ti is processed 
further using an A/D converter 1 40, a zero crossing de- 
tector 142, a magnitude detector circuit 146 and a pa- 
rameter calculator circuit 148. Circuits 140 and 142 are 
preferably discrete hardware components. The remain- 
ing circuits 146 and 148 are implemented by a micro- 
processor. For the sake of clarity, circuits 146 and 148 
are shown here as discrete circuits. 
[0031] The transthoracic impedance signal ti is first 
fed to the A/D converter 140 to generate a digital repre- 
sentation of the signal ti . The output of the A/D converter 
is fed to the zero crossing detector 1 42 which generates 
a zero crossing signal whenever it detects a change of 
sign in signal ti. 

[0032] The magnitude of the signal ti is determined by 
magnitude detector circuit 146. 



[0033] The outputs of circuits 1 42 and 146 are fed to 
the parameter calculatorcircu it 1 48 as shown. At regular 
intervals, the parameter calculator circuit 148 calculates 
several parameters, including the respiration rate (rr) 
and the tidal volume (tv). Details of the calculations used 
to determine these parameters are disclosed in com- 
monly assigned U.S. Patent No. 5,824,020, incorporat- 
ed herein by reference. These two parameters rr and tv 
are provided to the minute volume processor 53A of 
FIG. 4. 

[0034] Referring now to FIG. 7A, the pacemaker 1 0 is 
also provided with an ECG sensor 150 which may be 
implemented in a number of ways, well known in the art, 
and used to digitally detect the ECG of the patient. This 
ECG is provided to an RR interval detector 152 adapted 
to detect the current R-wave to R-wave interval (RR) of 
the patient. 

[0035] Values for the RR interval, the ECG, and pa- 
rameters rr and tv are derived by the parameter calcu- 
lator 148 in FIG. 6 and are stored at predetermined in- 
tervals in a memory, such as the additional memory 57. 
For example, the values of each of these parameters 
may be stored for a period of three minutes every hour. 
In one embodiment of the invention shown in FIG. 7A, 
at the end of the three-minute period (or at any other 
time prior to the next three-minute period) the data 
stored in additional memory 57 is downloaded to data 
analyzer 110. As described above, in conjunction with 
FIG. 2, external data analyzer 1 1 0 is provided with a dis- 
play 112, and can communicate with a remote station 
114 with its own display 116. In addition, the data ana- 
lyzer 1 1 0 is also associated with a trend calculator 154. 
[0036] The data received from the pacemaker 1 0 is 
stored by trend calculator 154 in a memory 156. The 
trend calculator 154 uses this data to calculate a trend 
in the respective parameters and in the corresponding 
condition of the patient as reflected by the variations in 
these parameters. The calculations are provided to the 
data analyzer 110. The data analyzer 110 uses these 
calculations to generate information for a clinician about 
the patient, which information is shown on display 112 
and/or transmitted to station 114. 
[0037] If the patient is ambulatory, the data analyzer 
110, trend calculator 154 memory 156 and display 112 
may be housed in a common case which may be a hol- 
ster-type device carried by the patient at all times. Oth- 
erwise, these elements may be incorporated into an ex- 
ternal stationary device disposed at the patient's bed- 
side. The data can then be analyzed by the external de- 
vice and sent to the data collection station as described 
in U.S. Patent Nos. 5,713,937 and 5,720,770. 
[0038] Data from the pacemaker 1 0 is downloaded 
and stored in memory 156 because present pacemak- 
ers may not contain sufficient memory and/or computa- 
tional power to perform the trend analysis required for 
the diagnosis envisioned by the present invention. How- 
ever, it is expected that in the near future, implanted de- 
vices will have sufficient data storage to store all these 
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data and even perform at least part of the trend analysis. 
In this latter case, as shown in FIG. 73, all the data re- 
quired for the computations is stored in the memory 57A 
and the trend calculator 154A may be incorporated into 
the pacemaker 1 0. The results of the calculations per- 5 
formed by the trend calculator 1 54A are then transmitted 
to the data analyzer 110. The data analyzer 110 stores 
the information from trend analyzer 154A in memory 
156A, and on request from a clinician generates mes- 
sages indicative of the condition of the patient. As in FIG. 
7A, this information may also be transmitted to a station 
114 and shown on display 116. 
[0039] It has been known that there is a correlation 
between the respiration rate variability of a cardiac pa- 
tient and the progression of the patient's heart condition. 
This correlation is illustrated in FIGS. 8A-8C, 9A-9C and 
10A-10B. FIGS. 8A and 9A show typical heart rates in 
the time domain for a patient with cardiac deficiency and 
a healthy person, respectively, and FIGS. 8B and 9B 
show similar respiration signals in the time domain. 
While the correlation may not be very clear in these fig- 
ures, it is much more apparent in FIGS . 8C and 9C which 
show both the respiration and the heart rate in the fre- 
quency domain. As described in detail below, in the 
present invention various parameters associated with 
the patient's respiration are monitored. The long term 
variations of these parameters are determined by the 
trend analyzer of FIG. 7A or 7B. 
[0040] The respiration of a patient and its long term 
variability may be monitored and analyzed in a number 
of different ways as described in the following embodi- 
ments. In FIG. 12, the trend calculator of FIG. 7A or 7B 
includes a respiration detector 302 which receives sam- 
ples of the transthoracic impedance signal ti. The trend 
calculator further includes Fourier transform calculator 
304 which calculates the Fourier transform of the respi- 
ration signals stored in memory 57 or 156A generates 
corresponding respiration signals in the frequency do- 
main. The trend calculator further includes a power 
spectrum detector 306 which detects the power content 
of respiration signals within predetermined frequency 
ranges. The output from the power spectrum detector 
306 is fed to a comparator 308. The comparator 308 
compares the power spectrum of frequency signals in 
different ranges. A histogram generator 31 0 is used to 
generate trend and histogram information descriptive of 
the variability of the respiration over time as indicated 
by the output from comparator 308. Finally, a running 
average calculator 312 is used to calculate a running 
average of a predetermined parameter indicative of res- 
piration variability. The operation of this embodiment is 
now described in conjunction with FIG. 13. 
[0041] Starting in step 320, the impedance signal ti 
indicative of the respiration of the patient is detected and 
recorded. For example, samples of the signal ti may be 
recorded every hour. In step 322 the recorded samples 
of the respiration signal in the time domain are trans- 
formed into corresponding samples in the frequency do- 



main. This step is performed by the Fourier transform 
calculator 304. The resulting samples in the frequency 
domain are stored in the memory 57A, 156. FIG. 10 
shows a typical respiration signal for a patient with CHF 
in the time domain and FIG. 11 shows several respira- 
tion signals in the frequency domain and how these res- 
piration signals may vary over a prolonged time period. 
[0042] Next, in step 324, power spectrum analyzer 
306 measures the power content of the respiration sig- 
nal at various frequencies over a predetermined time 
period, for example, three minutes. For example, the an- 
alyzer 306 may determine the power spectrum of sig- 
nals above a frequency of 0.15 Hz (HFP) and signals 
below 0.10 Hz (LFP). The two results HFP and LFP are 
fed to the comparator 308 (FIG. 1 2) which compares the 
power content of the respiration signal at different fre- 
quencies. For instance, the comparator 308 may com- 
pare the relative signal power of signals having a fre- 
quency less than 0.10 Hz with signals having frequen- 
cies exceeding 0.15 Hz. As previously discussed, the 
signals of lower frequencies are more prevalent in car- 
diac patients exhibiting CHF This comparison can be 
performed for each sample stored in the memory. I n step 
328, the trend and histogram generator 310 generates 
a histogram or other data indicative of the trend in the 
respiration variability of the patient. The histograms thus 
generated are stored in the memory. Also in step 328 a 
running average of a frequency ratio is determined and 
stored. The frequency ratio is defined herein as the ratio 
(LFP/HFP) between the power content of low to high fre- 
quency respiration signals. The running average of this 
ratio is calculated by the running average calculator 31 2. 
In this embodiment, this running average represents the 
respiration variability. All the parameters from the power 
spectrum detector, the comparator 308 and the running 
average calculator 312 are stored in memory 57A or 
156. 

[0043] The clinician can request to see these param- 
eters, which can then be shown on the display 112. 
[0044] At predetermined intervals, or at a clinician's 
request, in step 330, the respiration variation as deter- 
mined by running average calculator 312 is checked to 
determine if the running average of the ratio has been 
decreasing over time. If so, in step 334 a message is 
displayed to a clinician such as 'BASED UPON RESPI- 
RATION VARIABILITY, PATIENTS CHF STATUS HAS 
IMPROVED'. 

[0045] In step 332, a check is performed to determine 
if the ratio has been increasing. If so, then in step 336 
another message is displayed, such as: 'BASED UPON 
RESPIRATION VARIABILITY, PATIENTS CHF STA- 
TUS HAS WORSENED'. 

[0046] If the ratio does not change appreciably, the 
following message is displayed in step 338: 'BASED UP- 
ON RESPIRATION VARIABILITY, PATIENTS CHF 
STATUS HAS REMAINED THE SAME.' 
[0047] In accordance with a second embodiment of 
the invention, a somewhat indirect means of determin- 
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ing the presence of low frequency variation in the respi- 
ration signal is made based on a low-pass filtered tidal 
volume. As shown in FIG. 14 for this embodiment, the 
trend calculator 154 (or 154A) is provided which in- 
cludes a min/max calculator 340, a mean calculator 342, 
a histogram generator 344, an average calculator 346 
and a comparator 348. 

[0048] This embodiment takes advantage of the fact 
that the tidal volume corresponding to the respiration 
signal varies cyclically as shown in FIG. 15A. Byfiltering 
the respiration signal, a mean tidal volume signal is ob- 
tained as shown in FIG. 15B. This signal is indicative of 
the variability of the tidal volume, and correspondingly, 
the low frequency respiration variability. 
[0049] The determination of respiration variability us- 
ing the embodiment of FIG. 1 4 is now described in con- 
junction with the flow chart shown in FIG. 16. In step 
360, the tidal volume tv is received and recorded in 
memory 57A, 156. In step 362 the tidal volume variability 
is determined. More particularly, the min/max calculator 
340 is used to calculate the parameters tvmin, tvmax, 
where tvmax is the maximum value of tv and tvmin is 
the minimum value of the tidal volume over a predeter- 
mined time period. These parameters are stored in the 
memory 57A, 156 and are also provided to tvmean cal- 
culator 342. This tvmean calculator 342 determines the 
tvmean parameter by taking the difference between 
each tvmax and corresponding tvmin parameter. The 
tvmean parameter is also stored in the memory. 
[0050] The change in the mean value of tv over an 
extended time period is indicative of the tidal volume 
variability which is directly related to the respiration var- 
iability. The histogram generator 344 is used to monitor 
the parameter tvmean and to generate histograms for 
this parameter. In addition, the average calculator 346 
may be used to generate a running average of the 
tvmean. This running average of tvmean in this embod- 
iment is used to indicate the respiration variability. Both 
the running average of tvmean and the histograms are 
indicative of a trend of tvmean and are stored in the 
memory 57, 156A. 

[0051] At predetermined intervals, or in response to a 
clinician's request in step 364, the comparator 348 de- 
termines if the parameter tvmean, as indicated by the 
histograms and/or its long term average, has been de- 
creasing. If so, then in step 366 a message is displayed, 
such as: 'BASED UPON TIDAL VOLUME VARIABILITY, 
CHF STATUS HAS IMPROVED.' If the variability of the 
tidal volume has been increasing as determined in step 
368, then in step 370 another message is displayed, 
such as: 'BASED UPON TIDAL VOLUME VARIABILITY, 
CHF STATUS HAS WORSENED.' If the variability re- 
mains substantially unchanged, the following message 
is displayed: 'BASED UPON TIDAL VOLUME VARIA- 
BILITY, CHF STATUS HAS REMAINED THE SAME' is 
displayed. 

[0052] In the embodiment of FIGS. 12 and 13 the res- 
piration signal itself is analyzed to determine the respi- 



ration variability. In the embodiment of FIG. 17, instead 
of the respiration signal, the respiration rate is used for 
the same purpose. As shown in FIG. 18A, in a healthy 
person, the breathing rate is relatively constant, for ex- 
5 ample, about 15 ± 1 breaths/minute. In the frequency 
domain shown in FIG. 1 8B, except for a large DC offset, 
the breathing rate is spread relatively evenly across the 
spectrum with no peaks or large excursions. 
[0053] However, the respiration rate of a cardiac pa- 
10 tient with CHF shown in FIG. 18C in the time domain 
and FIG. 18D in the frequency domain, varies over a 
much broader frequency ranging, for example, from 5 
to 20 breaths/minute. In the frequency domain, this pat- 
tern has several pronounced peaks especially in the 
range of 0-0.05 Hz. 

[0054] This phenomenon is used in a third embodi- 
ment by the same elements as in the first embodiment 
of FIG. 1 2 in accordance with the flow chart of FIG. 1 7. 
In step 400, the respiration rate signal rr is obtained and 
recorded into the memory (156A, 57). In step 402, the 
Fourier transform calculator 304 calculates the Fourier 
transform of the rr signal and stores the same into the 
memory. The Fourier transform indicates the respiration 
rate in the frequency domain as illustrated in Figs. 18B 
and 1 8D. In step 404, the power spectrums at high and 
low frequencies (HFP and LFP) are determined as dis- 
cussed above, by power spectrum detector 306. In this 
embodiment the ratio of the power spectrums is stored 
and analyzed as an indication of the respiration rate var- 
iability. In step 406, the running average calculator 31 2 
is used to generate a long term average of the ratio. This 
average is stored in memory and used to generate a 
histogram or other parameters indicating a trend in the 
variability of the respiration rate. 
[0055] At predetermined regular intervals, or in re- 
sponse to a clinician's request, in step 408 a determina- 
tion is made as to whether the ratio has been decreasing 
overtime. If so, then in step 410 the following message 
is generated: 'BASED UPON RESPIRATION RATE 
VARIABILITY PATIENT'S CHF STATUS HAS IM- 
PROVED'. 

[0056] In step 412, a determination is made as to 
whether the ratio has increasing over time. If so, then 
another message is displayed, such as: 'BASED UPON 
RESPIRATION RATE VARIABILITY PATIENTS CHF 
STATUS HAS WORSENED'. 

[0057] If the power ratio has remained substantially 
constant then in step 416 the following message is dis- 
played: 'BASED UPON RESPIRATION RATE VARIA- 
BILITY PATIENTS CHF STATUS HAS REMAIN ED THE 
SAME' 

[0058] The embodiments described above are just a 
few of the many processes that may be used to classify 
and stratify the condition of a CHF patient using breath- 
ing as the criterion. 

[0059] Although the invention was described with ref- 
erence to several particular embodiments, it is to be un- 
derstood that these embodiments are merely illustrative 
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of the application of the principles of the invention. Ac- 
cordingly, the embodiments described in particular 
should be considered exemplary, not limiting, with re- 
spect to the following claims. 



Claims 

1. A cardiac monitoring apparatus that monitors the 
cardiac condition of a patient comprising: 

a respiration sensor adapted to sense the res- 
piration of the patient and generating corre- 
sponding respiration signals; 
an analyzer that analyzes said respiration sig- 
nals to determine a long term behavior of said 
respiration signals, and generating a respira- 
tion variability signal when said behavior con- 
forms to predetermined criteria indicative of the 
respiration variability; and 
an output device receiving said respiration var- 
iability signal and generating an output signal 
based on said respiration variability signal in- 
dicative of a cardiac condition of said patient. 

2. The apparatus of claim 1 further comprising an im- 
plantable cardiac device arranged and constructed 
to generate cardiac stimulation signals for the pa- 
tient's heart wherein said respiration sensor is dis- 
posed inside said implantable cardiac device and 
said analyzer is disposed at a location remote from 
the patient, said apparatus further comprising a 
communication channel for transmitting said respi- 
ration signals to said analyzer. 

3. The apparatus of claim 2 wherein said respiration 
sensor and at least a portion of said analyzer are 
disposed in said device and said output device is 
disposed at a location external of the patient. 

4. The apparatus of claim 1 wherein said analyzer in- 
cludes a memory storing said respiration signals 
over a predetermined time period, a calculator de- 
termining said respiration variability signal, wherein 
said analyzer is adapted to evaluate a trend of said 
variability over an extended time period. 

5. The apparatus of claim 1 wherein said analyzer in- 
cludes a frequency detector that detects and ana- 
lyzes the frequency of said respiration signals and 
a power calculator for calculating the power levels 
above and below a cutoff frequency. 

6. The apparatus of claim 5 wherein said frequency 
detector further comprising a comparator that com- 
pares a ratio of the power levels of high and low 
frequency signal components, said ratio being in- 
dicative of said respiration variability signal. 



7. The apparatus of claim 6 wherein said analyzer fur- 
ther comprises a trend detector coupled to said 
comparator and arranged to detect a trend in said 
ratio, and wherein said respiration variability signal 

s corresponds to said trend. 

8. The apparatus of claim 7 wherein said output device 
generates a first output signal if said respiration var- 
iability signal indicates that said ratio has been de- 

10 creasing over time and a second output signal if 
said respiration variability signal indicates that said 
ratio has been increasing over time. 

9. The apparatus of claim 1 wherein said respiration 
'5 sensor includes an impedance detector that detects 

and measure a transthoracic impedance of the pa- 
tient as a function of respiration. 

10. The apparatus of claim 1 wherein said respiration 
20 sensor includes a tidal volume detector that detects 

and measures a tidal volume of the patient and a 
calculator that calculates said respiration signal 
from said tidal volume. 

25 11. The apparatus of claim 1 wherein said respiration 
sensor includes a respiration rate calculator that 
calculates a respiration rate for the patient and 
wherein said analyzer is adapted to analyze said 
respiration rate to determine said cardiac condition 

30 of the patient. 

12. A cardiac monitoring apparatus for a patient com- 
prising: 

35 a respiration sensor that senses a breathing 

pattern of the patient and generates a corre- 
sponding respiration signal; 
an analyzerthat receives said respiration signal 
and analyzes said signal to determine if said 
^0 breathing pattern corresponds to preselected 

criteria, said analyzer generating an indication 
signal indicative of the cardiac condition of the 
patient; and 

an output device coupled to said analyzer that 
45 receives said indication signal, said output de- 

vice generating an output corresponding to said 
indication signal. 

13. The apparatus of claim 12 wherein said respiration 
50 monitor includes an impedance detector that de- 
tects a transthoracic impedance of the patient and 
a calculator that calculates said respiration signal 
from said transthoracic impedance. 

55 14. The apparatus of claim 12 wherein said respiration 
monitor includes a tidal volume detector that detects a 
tidal volume of the patient and a calculator that calcu- 
lates a respiration signal based on said tidal volume. 
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15. The apparatus of claim 12 wherein said analyzer 
calculates a rate of respiration of the patient from 
said respiration signal. 

16. The apparatus of claim 15 wherein said analyzer 
includes a variability detectorthat receives said rate 
and calculates a variability of said respiration rate. 

17. The apparatus of claim 16 further comprising a 
trend detectorthat detects a trend in said variability, 
said trend being related to the cardiac condition of 
the patient. 

18. The apparatus of claim 16 wherein said variability 
detector includes a power detector that detects a 
relative power of high respiration rate signals and a 
relative power of low respiration signals, said high 
and low respiration rate signals being defined as be- 
ing higher and lower then a preselected rate thresh- 
old, respectively. 

19. The apparatus of claim 12 wherein said analyzer 
further includes a variability detector that analyzes 
a variability of said breathing pattern. 

20. The apparatus of claim 19 wherein said analyzer 
generates a first indication signal if said ratio de- 
creases over time, said first indication signal being 
indicative of an improved CHF status of the patient, 
and a second signal if said variability decreases 
over time, said second signal being indicative of a 
worsened CHF status. 

21. The apparatus of claim 12 wherein said respiration 
monitor is implantable in the patient. 

22. A method of determining the cardiac condition of a 
patient comprising: 

detecting a respiration signal indicative of a cur- 
rent respiration of the patient; 
analyzing said respiration signal to determine 
if said respiration signal meets predetermined 
criteria related the cardiac condition of the pa- 
tient; and 

generating an indication signal corresponding 
to said cardiac condition and based on said 
analysis. 

23. The method of claim 22 wherein said step of detect- 
ing said respiration signal comprises detecting a 
transthoracic impedance of the patient, said tran- 
sthoracic impedance being dependent on said res- 
piration signal. 

24. The method of claim 22 wherein said step of ana- 
lyzing includes detecting a variability of said respi- 
ration signal. 



25. The method of claim 22 wherein said step of ana- 
lyzing includes detecting a high signal power of res- 
piration signals having a frequency above a prede- 
termined threshold and detecting a low signal pow- 
er of respiration signals having a frequency below 
said predetermined threshold. 

26. The method of claim 25 wherein said step of ana- 
lyzing further includes determining a ratio of said 
high signal power and low signal power. 

27. The method of claim 26 wherein said step of ana- 
lyzing further comprises analyzing a trend of said 
ratio. 

28. The method of claim 27 further comprising gener- 
ating a first signal indicative of improved CHF status 
of the patient and a second signal indicative of wors- 
ened CHF status based on said trend. 
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